Recent advances in flat panel detector angiographic equipment have provided the opportunity to obtain physiologic and anatomic information from angiographic examinations. To exploit this possibility, one must understand the factors that affect the bolus geometry of an intra-arterial injection of contrast medium. It was our purpose to examine these factors in a canine model.
T he availability of flat panel detector angiographic equipment has made it possible to perform high-spatial-resolution soft-tissue imaging in the angiographic suite. Recent reports describe the utility of these C-arm CT techniques for the detection of central nervous system hemorrhages, for visualization of endoluminal devices and their relationship to the arterial wall and lumen, and for pretreatment planning and post-treatment evaluations. [1] [2] [3] Because these applications, along with others that will likely emerge (eg, functional imaging), are often used in association with the intra-arterial administration of iodinated contrast medium, it is necessary to understand the influence of injection parameters that may affect arterial, tissue, and venous opacification.
A variety of parameters may be adjusted when one injects contrast medium. Among others, these include the volume of the injection, the rate of the injection, the duration of the injection, the concentration of the contrast medium that is injected, and the site of injection. Most previous work looking at the effects of variations of these parameters on bolus geometry has been done to try to optimize arterial opacification following an intravenous injection of contrast medium so as to improve the image quality of intravenous digital subtraction angiography (DSA), MR angiography, and CT angiography (CTA). [4] [5] [6] [7] Although there is very likely a close relationship between the effects of these manipulations on an intra-arterial injection and an intravenous injection in the same subject, to our knowledge, this has not been previously studied.
The purpose of our study was to examine the impact on contrast-bolus geometry after an intra-arterial injection (Table 1) of variation in: 1) the volume of an injection, 2) the rate of an injection, 3) the duration of an injection, 4) the concentration of the contrast injected, and 5) the catheter position.
Materials and Methods
Under an institutionally approved protocol, 7 canines were placed under general anesthesia with isoflurane and propofol. A 5F sheath was placed percutaneously into the right common femoral artery, and through this, a 5F catheter was advanced over a guidewire into the right common carotid artery. There was constant monitoring of heart rate, oxygen saturation, and end-tidal carbon dioxide. Sequential biplane DSA acquisitions were obtained in conjunction with a variety of injection protocols (described below) by using a biplane flat panel detector angiographic system (Artis dBA; Siemens, Erlangen, Germany). Nonionic contrast (300 mg/mL) was power-injected in all studies (Accutron HP-D; Medtron, Saarbrücken, Germany). The angiographic acquisitions were loaded onto a workstation running prototype software (Siemens Healthcare, Forchheim, Germany), which allowed creation of a time-concentration curve of a contrast medium bolus at a selected position on the DSA image. Using these, we could measure specific characteristics and display them on a parametric map. The result from each injection protocol was evaluated by analyzing the time-concentration curves at points in the carotid artery, the torcula, and/or the transverse sinuses and the brain parenchyma. To avoid superimposition of other vascular structures, we made the arterial measurement on an anteroposterior projection, whereas the capillary (tissue) and venous measurements were made on a lateral projection. Care was taken so that the points selected for analysis were such that there was no overlap with other vascular structures (Fig 1) . Time-to-peak (TTP) and the area under the curve (AUC) were extracted for the artery, vein, and tissue and were compared. Because there was no movement of the animal or the angiographic table during the acquisitions, the points were the same on all images from each injection protocol. This allowed image-to-image comparison of the curves.
We systematically examined 5 variables: 1) volume, 2) rate, 3) duration, 4) concentration, and 5) catheter position, by using the injection protocols summarized in Table 1 . Volume, rate, and duration are interrelated variables such that maintaining 1 variable constant requires changing the other 2. The effect of changes in contrast medium concentration was evaluated by using 8 mL of contrast injected at 4 mL/s for 2 seconds. Concentrations of 100%, 75%, 50%, and 25% were tested. This same injection protocol was used to evaluate the effect of varying catheter positions (proximal, middle, and distal) in the right common carotid artery.
TTP, peak opacification, and AUC results from each injection protocol were then evaluated by analyzing the time-concentration curves for the artery (common carotid artery at the bifurcation), vein (torcula), and capillary (brain parenchyma) (Fig 1) .
All outcome variables listed in Tables 2-5 were analyzed by using 1-way analysis of variance (ANOVA) after transformation to the log scale to achieve constant variance in the residuals. If the P value for the 1-way ANOVA was significant (P Ͻ .05), then pair-wise comparisons of the various levels of the predictor variables were performed by using t tests.
Results
Variations in the injection protocols resulted in predictable changes in the time-concentration curves. The injection parameter that contributed the most to maximum opacification was the injected volume of contrast medium. The impact of this variable on maximal opacification was significant (P Ͻ .0001), regardless of the site of measurement (artery, tissue, and vein); however, the impact on the TTP reached statistical significance only with arterial and venous measurements (P Ͻ .05). The effect of the contrast volume on the maximal opacification could be observed as well when the injection duration was fixed and both the volume and injection rate varied (Table  2) . When the injection rate was fixed, the maximal opacification increased proportionally with the injected volume (P Ͻ .01), as long as the injected volume was lower than 12 mL ( Table 3 ). The injected volume had an indirect (secondary) impact on the temporal characteristics (TTP) as well. However, this only occurred in the artery and vein when the injection rate was constant (Table 3 and Fig 2) .
Alterations to the contrast concentration yielded results similar to those of altering the injection volume, with higher concentrations paralleling the relationship of higher injected contrast volumes. This effect was most significant in the arterial and venous TTP and in all 3 measurements for peak opacification when comparing full strength (100%) with dilute (25%) contrast medium (Table 4) .
Injection rate had an impact on both maximal opacification and TTP. The greatest impact on TTP occurred when comparing the slowest (1 mL/s) injection rate with the other rates ( Table 5 ). On the other hand, when the injected volume was constant, the TTP was the most stable (Table 5) .
Discussion
Studies of injection protocols on bolus geometry have previously analyzed the effects of injection parameters on arterial opacification following an intravenous injection. 8, 9 Our study assessed the impact of injection parameters on an intra-arte- rial bolus of contrast medium, looking not only at the effects on arterial opacification but also at opacification of parenchyma and venous structures. The bolus geometry measured in the arterial capillary and venous phases represents the effects of the injection parameters modulated by the subject's physiology (eg, patient function). Because of this, measurements made near the site of injection (artery), where the subject's physiology has not yet exerted a full effect on the bolus, result in intensity time curves that are more striking than those in the capillaries (tissue) or veins.
Interpretation of independent variables such as contrast concentration and catheter position could be assessed individually. For the inter-related variables of volume, rate, and duration, analysis of all 3 led to an understanding of the effect of each variable. Many of the results were predictable. The more contrast that is given in a shorter time period, the greater and earlier is the peak opacification. This is more easily seen in the artery, with a greater change in the parameters being required to observe a difference in the capillaries and vein. Similar curves can be obtained by changing either the volume of the contrast injected or by altering the con- Note:-TTP indicates time-to-peak; AUC, area under curve. *P values for paired contrasts were not calculated if no overall significant difference of the group was observed.
trast concentration so that the total number of iodine molecules is similar. Our results parallel previously published results of an intravenous-injection-parameter effect on intra-arterial opacification: The volume of the contrast injected causes the greatest effect on arterial, capillary, and venous opacification. 1 Cademartiri et al 5 summarized the effects of varying injection parameters in a review of intravenous injections for CTA. In our study using intra-arterial injections, we observed similar effects, especially when measurements were made in the artery.
As functional imaging methods are developed to measure perfusion parameters by using C-arm CT, it will be imperative to have an understanding of the effect of altering injection parameters on the bolus geometry. Due to the poor temporal resolution of C-arm CT, a bolus-tracking methodology, as used in perfusion CT, is currently not feasible. Instead, a relatively constant (steady) level of contrast medium must be maintained in the tissue for perfusion values to be valid.
Our observations, thus, have clinical significance in that they confirm the close relationships between the effects of manipulations of injection parameters on an intra-arterial injection and an intravenous injection in the same subject. As developments in perfusion measurements using C-arm CT evolve, it seems likely that serial measurements of perfusion in local areas of a particular tissue or organs will be facilitated through the use of an intra-arterial injection. This would further increase the value of understanding the interactions that we describe. Choosing a set of optimal parameters will depend on the goal of a particular imaging acquisition and on the subject's individual physiology. 4 
Conclusions
Contrast volume was the parameter that had the strongest impact on the time-concentration curve. It had more impact on the maximal opacification than on the temporal characteristics. The impact on maximal opacification diminished when the volume was very large (Ͼ12 mL). The injection rate impacted both maximal opacification and temporal characteristics. When the volume was fixed, the impact on TTP occurred only when the injection rate was very slow (1 mL). With regard to the variation of the timeconcentration curve, the injection protocol with constant volume seemed to be the most stable.
